ABSTRACT The tremendous increase in wireless data rate over the past few decades can be attributed to the use of higher frequency bands and increased density of access points along with advanced signal processing in transceiver. With the use of higher bands and increased access point density, terrestrial wireless communication systems are encountering more and more line-of-sight conditions than systems of earlier era. Moreover modern era of communication systems is generally designed to adapt transmission parameters dynamically. Such adaptations are done based on estimation of channel statistics. The measure of line-of-sight (Rician K-factor) is one of such statistics. It plays a vital role in estimating fade statistics, which influences the bit error rate, spectral efficiency, level crossing rate, average fade duration and so on. These factors significantly influence design of communication systems. This paper focuses on analytical computation of Rician K-factor of multi-clustered propagation channel models including antenna gainpatterns. Rician K-factor in different wireless channel models, which are based on the indoor channel model given by Saleh and Valenzuela and the channel model for IEEE 802.11ad standard have been calculated and compared with simulations. We show that, channel model provided explicit Rician factor does not agree with actual K-factor experienced by a link when details such as directivity of clusters and antenna gains are considered. The difference results in erroneous estimate of system performance. It is seen that the estimates of the required signal to noise ratio per bit for a given modulation and coding schemes can be affected by as much as 4 dB in sub 6 GHz systems and as high as 5 dB for millimeter wave systems due to incorrect use of Rician K-factor for relevant links. Average channel capacity is affected by around 13% for high SNR links due to variation of Rician K-factor.
I. INTRODUCTION
The increasing demand for high speed wireless Internet is being satiated by three primary methods, use of (i) multiple input multiple output (MIMO) technology, (ii) extremely aggressive frequency reuse by using very dense deployment of network nodes and (iii) larger system bandwidth [1] .
The performance of MIMO systems is significantly affected by channel characteristics such as correlation and line-of-sight (LOS). LOS is characterized by the Rician K-factor [2] , [3] . It is found that, for MIMO channels the Rician K-factor affects the capacity by as much as 40% [2] , [4] - [8] .
Increase in access point density to meet the new fifth generation (5G) requirements is giving rise to smaller cells and ultra high density networks [9] . Such situations are only increasing the probability of LOS for a transmitter (Tx)-Receiver (Rx) point-to-point link. Recent channel models like WINNER II [10] , 3GPP [11] , COST 2100 [12] have provisions for the LOS component, which reminds us LOS conditions are important part of evaluation scenarios.
To support higher bandwidth, millimeter wave (mmW) bands in 28 GHz [13] , [14] , 38 GHz [15] , 60 GHz [16] , 72 to 74 GHz [13] have attracted a lot of attention from various sections of both academia and industry. It is expected that 5G will use mmW bands [1] . IEEE has already rolled out two mmW communication standards for 60 GHz indoor systems, IEEE 802.11ad [16] - [18] for WLAN and IEEE 802.15.3c [16] , [19] , [20] for WPAN. In mmW bands most of the power is carried by the LOS and the few earliest arriving clusters, hence the communication is mainly LOS based. Further due to lower element size, large antenna arrays are being recommended [21] for use in mmW bands. These can be exploited to reap multiple benefits such as spatial multiplexing, beamforming, massive MIMO, etc. It is earlier mentioned that K-factor affects MIMO systems. Therefore we see again that the LOS component is a vital channel parameter that influences system performance.
Evaluation of the above mentioned systems require proper channel models. Channel models such as 3GPP [11] , its modified version for mmW bands [22] , IEEE 802.11ad [16] , [18] and IEEE 802.15.3c [16] give option to the user for adding a value of Rician K-factor to the first arriving ray. For example, in the 3GPP model [11] , it is suggested that in the Urban Microcell LOS scenario Rician K-factor (in dB) is equal to K = 13 − 0.03d, where d is the distance between the Tx and the Rx. It is also suggested that, the value of Rician K-factor is correlated with several other channel parameters like delay spread, azimuth spread and shadow fading. However, such externally supplied K-factor is often only a part of the actual Rician component experienced by a link.
Although it is easy to estimate the LOS power by Friis equation [23] , the total non line-of-sight (NLOS) power depends on several cluster properties like the number of clusters and rays, their Times of Arrival (ToA), Angles of Arrival (AoA), Angles of Departure (AoD) and power azimuth spectrum (PAS). Generally the K-factor is added to the first term, however, when the antenna gain and PAS of the clusters are considered for a particular link, then the effective value of K-factor perceived by the link may not be the same as the K-factor value provided by the channel model. Even if the directional channel impulse response (CIR) is available the calculation of Rician K-factor is not straightforward because cluster PAS, ToA, AoA, AoD are all random variables, and the situation is further complicated when directional antennas are present. The effective Rician K-factor of a link is an important parameter as it affects several channel statistics such as probability density function (PDF), level crossing rate [3] , spatial and temporal channel correlation of signal to noise ratio (SNR). These channel statistics are required to get the theoretical estimate of performance of a link such as bit error rate (BER), outage probability, channel capacity etc. The aim of this work is to provide an analytical method to compute the effective value of Rician K-factor experienced by a link considering the Tx and Rx antenna gains, realistic channel propagation models which include cluster PAS, ToA, AoA, AoD etc. The work also aims at exposing the impact of using channel model provided value of K-factor compared to that perceived by the link.
Works to determine the BER [24] , diversity, outage performace [25] and capacity [8] of Rician channels, assume that the reader has the knowledge of the value of Rician K-factor. If one is interested to analytically evaluate the performance in realistic channel models such as [11] , [18] , [22] , as described above, one is generally tempted to use of Rician K-factor as given therein. Here we show that such methods are inappropriate as the channel models described above are multicluster based where clusters' directive gains are described through specific PAS. These models also capture the use of directive antennas at Tx and Rx. Further the models provide details of generating rays that arrive at random time delays with random power and angle of arrival, which generally give rise to analytically intractable performance analysis, thereby encouraging time consuming simulation based evaluation. We show in this work that the Rician K-factor experienced by a link in such channels can be analytically computed and theoretical performance evaluation of such channels is feasible. Thereby we hope to reduce computation time of performance evaluation of future 5G networks. Most works which deal with the calculation of Rician factor, are based on channel measurements. The works of Greenstein [26] , [27] calculate the Rician K-Factor from the first and second moment of the wireless channel power gain and gives its verification from measurements at 1.9 GHz. A more recent paper [28] measures the Rician K-factor in a office room environment at 60 GHz. Similar work has also been done in [29] . Another attempt has been made to measure the Rician K-factor in an underground mine environment [30] also at 60 GHz. These works provide us with K-value of the environment and not of a specific link.
To the best of the authors' knowledge, the calculation the Rician K-factor from the wireless spatial CIR of a link has not received much attention, which is addressed in this work. We also show that K-experienced by the link, in these conditions is different than the value of K-factor as given in the channel model.
We provide analytical method to compute the Rician K-factor of narrowband wireless channels, which are modeled by the popular variants of the well established Saleh-Valenzuela [31] (SV) model accounting for the AoA and AoD of the received and transmitted signal and Tx and Rx antenna gains [16] . The original work of SalehValenzuela is for indoor wireless channels at 1.5 GHz, so the model is not expected to work at mmW frequencies. We therefore, use another extension of SV model [32] , which is designed for 60 GHz. We also use our method to find the Rician K-factor for the channel model of IEEE 802.11ad [18] wireless standard. We select IEEE 802.11ad because its power delay profile is different from the SV model, so as to demonstrate the flexibility of our work.
The rest of the paper is organized as follows, section II derives the value of the Rician K-factor for sub 6 GHz case, section III modifies this derivation for mmW channels, section IV gives the results, finally section V concludes the paper.
II. RICIAN K-FACTOR CALCULATION FOR THE MULTICLUSTER WITH DIRECTIVITY SALEH-VALENZUELA MODEL
In this work we consider a typical system as shown in Fig. 1 . We assume that the Tx antenna is located at the origin, with its boresight pointed along the positive x-axis. The Rx antenna is located at (R, 0, 0) with its boresight making an angle θ 0 with the positive z-axis and φ 0 with the negative x-axis. The signal from the Tx reaches the Rx through several clusters (only three of them are shown), rays from clusters arrive at Rx following PAS as prescribed by specific channel models. The Tx and Rx may use antennas with arbitrary antenna gain patterns. The channel model considered in this work is based on the original model by Saleh and Valenzuela [31] , extended by Spencer et. al. [33] for angular domain characteristics and Sawada et. al. [34] for LOS component is given as,
where, T l is the ToA of the first ray of the l th cluster, τ k,l is the difference of ToAs of the k th and first ray of the l th cluster, r,l and θ r,k,l are the elevation AoA of the k th ray of the l th cluster, r,l and φ r,k,l are the azimuth AoA of the k th ray of the l th cluster, t,l and θ t,k,l are the elevation AoD of the k th ray of the l th cluster and t,l and φ t,k,l are the azimuth AoD of the k th ray of the l th cluster. β(k, l) and α(k, l) are the magnitude and phase of the channel gain of k th ray of the l th cluster respectively. P 0 and κ are the externally applied deterministic quantities denoting the constant LOS term [34] . For ease of readability, Table 1 summarizes the notations used in this work. The description of the random variables in (1) are given in Table 2 .
The Rician K-factor is identified [2] , [3] as,
where, P LOS is the power in the LOS ray and P NLOS is the sum of the powers of all the NLOS clusters.
To calculate the Rician K-factor, for (1) we first find the total average power gain P total , which can be found by summing up the individual powers of all multipath components (MPCs) as,
where, χ is given as
In (3) we consider ensemble mean over the random variables
Since the CIR (h(t, τ, φ t , θ t , φ r , θ r )) is ergodic in nature [3] , ensemble average is the same as time average, hence we consider β 2 (0, 0) and β 2 (k, l) as the time averaged power gains.
The mean value of the power gain of the k th ray of the l th cluster follows the exponential rule (denoted by β 2 (k, l)) and is related to β 2 (0, 0) [31] , as,
where, τ k,l and T l are given in Table. 1.
Using (4) in (3) we get,
where, P LOS is the LOS power, can be computed as,
P NLOS is the combined total power all the L NLOS clusters, and can be computed as Now, using (6), (7), as shown at the bottom of this page, in (2) we can compute the K-factor.
To compute the terms A, B, C and D in (7), we require PAS of clusters. Here we use a truncated Laplacian PAS as in [33] , which is supported by experimental results. The same PAS is also used by 3GPP channel model [11] . The addition of the LOS component is described as in [34] .
1) CALCULATION OF A IN (7)
In order to calculate E T l [e
−
T l ] we need the probability distribution of T l , unfortunately, this is not explicitly provided, however, we have the distribution of p(T l+1 |T l ) for [31] , [33] in,
We assume the zeroth cluster (LOS ray) comes at T 0 = 0 seconds, so
Now, p(T 2 ) can be calculated as
So,
The right hand side of the above expression is a convolution of two Exponential distributions both with rate , which is a Gamma distribution with shape of 2 and scale of 1 .
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If we assume, p(T l−1 ) is a Gamma distribution with shape of l − 1 and scale of 1 (which is also verified from simulations), then, the PDF of T l can be found as,
which, is a Gamma distribution with shape of l and scale of 1 
The expression E is a Gamma distribution with shape of l and scale of ( + 1 ) −1 , which is integrated over its support, so the value of the integral is unity. Therefore,
The classic paper of Saleh and Valenzuela [31] 
2) CALCULATION OF B IN (7)
Since the distribution of p(τ k+1,l |τ k,l ) is given by [31] , [33] ,
where, we assume τ 1,l = 0, so the distribution of τ k,l is given by,
therefore using the same arguments as in calculation of From [31] , we get λ = (1/5)ns −1 and γ = 20 ns. Using which the total average power of K clusters are summarized in table4. If there are K rays in the l th cluster, then total
γ ] would be,
3) CALCULATION OF C AND D IN (7)
Here, without a loss of generality we assume specific antenna patterns for azimuth and elevation planes for Tx and Rx antennas. These assumptions can be summarized as [35] , [36] • Tx and Rx antennas are similar, i.e.
• The radiation patterns of Tx and Rx antennas in azimuth and elevation planes are independent, i.e.
• In this work due to space limitation we restrict the present analysis for G θ (θ ) = 1 for 0 ≤ θ ≤ π .
• Pattern in azimuth plane is given by (19) . We use the same model for antenna radiation pattern, as given in the 3GPP standard [35] , [36] defined as,
in dB scale in the azimuth plane. Where, φ 3 is the 3 dB antenna beamwidth and φ c is the value of φ for which
Similarly, in the linear scale it can be written as,
So, based on these assumptions,
For the rest of this section, we consider the values of φ for which |φ| ≤ φ c as the variable gain part and the rest of the values as fixed gain part.
We calculate the E φ| l [G φ (φ)], the PAS of the angles of arrival/departure of the rays of the l th cluster are Truncated Laplacian distributed given as [36] . (21) where, Q is a constant, such that the integral l + φ= l − p(φ| l ) dφ = 1, l is the AoA/AoD of the l th cluster and w(x, a, b) is defined as,
So, Q can be evaluated as,
So, Q can be given as
Now we calculate
where Q is given by (23) 
, erf is the error function.
Case II: l > φ c + or l < −φ c − This means all the rays lie in the fixed gain part of the antenna pattern. Therefore,
using (23) .
Here, only a fraction of the total number of rays lie on the variable gain part of the antenna pattern.
Case IV:
Here also, only a fraction of the rays lie on the variable gain part of the radiation pattern.
Case IVA:
Case IVB:
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FIGURE 2. Plot of the antenna pattern (solid line) and the E φ| l [G(φ)] with respect to φ (circles).
The derivation of all these equations are given in Appendix A. Table 5 shows the various values of E φ| l [G(φ)] in different cluster configuration. To show the variation of E φ| l [G(φ)] with respect to , we plot it for φ 3 = σ = π 4 and = π 8 and obtain a smooth curve shown in Fig. 2 , which demonstrates the validity of the calculations. Comparing with the antenna pattern on the figure, we see that at the boresight the value of the expectation is slightly lower than one, which is due to the non-zero variance.
Using (14) , in (18), we get the final expression for Rician K-factor given in (30) , as shown at the bottom of this page. where,
(31)
III. RICIAN K-FACTOR CALCULATION FOR THE MODIFIED SV MODEL FOR mmW
Some recent works have modified the original SV model to use it at mmW frequencies [32] , [34] . The section below describes the model and computes Rician K-factor for the same.
A. MODIFIED SV MODEL FOR mmW
One such work is [32] , which modifies (4) in the following way
where, n is a Normal distributed random variable with mean µ and variance σ 2 . In dB scale, β k,l is Normal distributed, hence β k,l , in linear scale, is Log-normal distributed. Therefore,
The mean value is given as
where, µ is a random variable given by [32] ,
where, the distributions of T l and τ k,l are given in (12) and (16) 
γ ] calculated using the data for , , γ and λ given in [32] are given in Tables 3 and 4 respectively, to compare these parameters for sub 6 GHz and mmW frequencies. Combining (34) and (35) we get,
We get the same result if we take the expectation of (4). Hence, approaching the same way, as in the section II, we can calculate the new Rician K-factor to be the same as given in (30) .
Now we focus on the IEEE 802.11ad model, which is the standard for Wireless LAN at 60 GHz [17] , [18] . We use the same configuration of Tx-Rx antennas and the reflected clusters as in section II. For this model, there are three types of rays in a cluster. These are
• Pre-Cursor Rays -These are the rays which come before the arrival of the central ray in a cluster. The average amplitude of the k th ray of the l th cluster, decay according to the following equation,
where, τ k,l is the difference of ToA of the central ray and the ray in question. A f (0) is given by,
where, α is the amplitude of the central ray and the values of α and K f are available from measurements [17] .
• Central Ray -It is the ray with the highest average amplitude, denoted by α. The ToA of this ray is given to be T l , which is the ToA of the cluster of which the ray is a part. The average amplitude of this ray is log-normal distributed.
• Post-Cursor Rays -These are the rays which come after the arrival of the central ray in a cluster. The average amplitude of the k th ray of the l th cluster, decay according to the following equation,
where, τ k,l is the difference of ToA of the central ray and the ray in question. A b (0) is given by,
just like pre-cursor rays, the value of K b is available from measurements. The power gain of the LOS cluster is given as,
where, λ c is the wavelength corresponding to the central frequency and d is the length of the LOS path between Tx and Rx. Now let us calculate P NLOS enabling us to calculate the Rician K-factor as per (2) . For each cluster the total power is given by the sum of the powers of central ray and the pre and post cursor rays. We attempt to calculate them one by one.
The average power of the central ray of the l th NLOS cluster is given by,
where, R l is the product of the NLOS ToA relatively to the LOS ToA obtained from distributions and g l is the reflection loss co-efficient. For simplicity we assume that the Tx-Rx distance is much larger than the additional path traveled by a cluster, i.e. d R l , hence,
g l is truncated log-normal distributed, such that 20log
and g 2 l ≤ k. Just like the SV model, as in (8) and (15) the arrival times of rays in a cluster follow the Poisson process with arrival rates of λ f and λ b for pre and post cursor rays respectively. We use the Rician K-factor definition from (2), where, P LOS is given by (41) and the total P NLOS for all L clusters is given by,
where, N f and N b are the number of pre-cursor and post-cursor rays respectively and
where, the
is the mean of truncated log-normal distributed random variable g 2 l , which has been calculated in Appendix B.
3) CALCULATION OF H IN (44)
Using the same arguments as above,
4) CALCULATION OF I AND J in (44)
We take the same assumptions for antennas as in section II-.3, therefore both I and J reduce to E φ| l [G φ (φ)]. However, unlike section II-.3, for IEEE 802.11ad model, the AoA and AoD of rays in a cluster are normal distributed [16] , so the expectation is given as,
Detailed derivation is given in appendix C.
5) FINAL RESULT
Now we can use the values calculated in (41) and (44) in (2) to calculate the final value of the K-factor for IEEE 802.11ad model.
IV. RESULTS
In this section we present numerical results to verify the formulation presented in earlier sections. We first verify whether the CIR generated following the mentioned references are Rician in nature. Once we are satisfied, we proceed to verify if the K-factor computed using (2), (6) and (7) for SV based models and from (2) using (41) and (44) for IEEE 802.11ad model agree with the corresponding simulated values. Thereafter we present the result of BER and spectral efficiency (SE) of simulated channels and compare them against analytical BER and SE obtained using K-parameter as per (2) in different cases. Now we describe CIR parameters as used in the generation of numerical results. The simulation parameters for SV based models and IEEE 802.11ad models are summarized in Tables 6 and 7 respectively. We have chosen the clusters to be sufficiently apart to span an entire angle range of π.
Number of clusters have been kept less, as summarized in the tables, so as to clearly see the effects of cluster AoA and AoD as well as the antenna alignments. At the same time, it is always larger than one, to depict multicluster scenario.
A. VERIFICATION OF THE RICIAN NATURE OF THE CIR
Here, the aim is to verify the CIR generated for all the three channel models considered in this work are indeed Rician in nature. Several CIR were realized using the channel models considered by keeping the the Tx antenna boresight along positive x-axis and Rx antenna boresight making an angle of φ 0 with the negative x-axis (for this subsection we take φ 0 = 0), keeping the cluster AoAs and AoD values given in Table 6 for different simulation experiments, shown in Fig. 1 . For the SV based models, the n th realization of CIR can be expressed as,
where, h 0 denotes the LOS component. Each realization for SV based channels is generated as follows k,l are generated abiding (8) and (15) respectively.
• For each realization h 0 is defined as G φ (0)G φ (φ 0 )P 0 e jκ .
For the first realization κ is chosen randomly, assumed to be uniformly distributed between −π to π , this value remains constant throughout all the realizations.
• For the i th realization, |h 0,0 , which is assumed to be uniformly distributed between −π to π .
• For the i th realization, |h
γ . The angle associated with h (i)
K (l−1)+k , which is assumed to be uniformly distributed between −π to π . φ 
is plotted in Fig. 3 and the average Rician K-factor was calculated as [3] 
where, A 2 is the total specular power, 2b is the total scattered power, N is the total number of realizations. For 802.11ad channel model, we can similarly generate the CIR realizations
and the Rician K-factor
where,
We compute K − factor fit by feeding the co-efficients from (49) into the Fitdist function from Matlab . This is compared with K simu−sv value calculated from (51) and the results are presented in table 8. It is seen that values of K-factor from (51) had an acceptable level of mismatch with the K-factor calculated from the output of the Fitdist function. This is further verified in results on BER and SE in the later sections. Hence it can be concluded that the CIR generated for the channels are indeed Rician. From table 8 it is seen that, the Rician K-factor for IEEE 802.11ad channel model is much larger than SV based channel models. This is due to the fact that, P NLOS is larger for SV based models, because from (2) computed using (6) and (7) (or from (51)) it is seen that K-factor for SV based models are upper bounded by,
Due to the absence of β 2 (0, 0) term for IEEE 802.11ad channel model the P NLOS is totally dependent on the AoA and AoD of the clusters and not on the AoA and AoD of the LOS ray, so no upper or lower bounds (other than the obvious result, that K-factor cannot be negative) for Rician K-factor values exist for IEEE 802.11ad model as compared to SV based models. To estimate efficiency of the analytical method of K-factor calculation using (30), we compare the simulation time taken in a DELL Precision Tower 3620 Desktop PC with 4 GB RAM and Intel Core i5-6500, 3.2 GHz processor running Matlab on Ubuntu 16.04-64 bit with kernel 4.4.0-81. The simulation times were calculated using tic and toc functions of Matlab . The simulation method of K-factor calculation followed by BER evaluation using the calculated value of K-factor of a wireless link with 100 000 iterations took 905 seconds while the analytical evaluation of the same using (30) took only 187.6 ms.
B. VARIATION OF K-FACTOR WITH RESPECT TO LINK ORIENTATIONS
Thus having verified that the generated co-efficients are Rician we proceed further to verify (2) calculated using (6) and (7) against (51) and (2) using (41) and (44) versus (53) using the above described simulation method, as a part to study the variation of K-factor with the link orientation. We also intend to bring out the effect of spatial variation of antenna boresight and cluster AoA/AoD orientation on K-factor. The setup is the same as given in Fig. 1 . The boresight direction of the Tx antenna is fixed along the positive x-axis, the number and AoA and AoD of clusters are kept the same as in section IV-A while the boresight direction of the Rx antenna is changed, which is measured by φ 0 on the x-y plane. For SV model, the variation of the Rician K-factor as a function of φ 0 is plotted in Fig. 4 . In the figure, the solid lines represents analytical results from (2), (6) and (7), whereas, the markers show the simulated results. Good match between the simulated and calculated results is shown by the curves, hence it can be concluded that the expressions derived in the previous section for SV based models are usable for the theoretical performance evaluation of systems in such channels. An interesting observation from Fig. 4 is the asymmetrical nature of the curves about the origin. This is due to the fact that from table 6, the AoA and AoD of all the clusters are greater than 0, hence K-factor is highest when φ 0 is slightly less than zero, as P LOS is close to its peak and P NLOS from reflected clusters is minimum. If φ 0 is increased from this value, K-factor decreases as a result of increase in P NLOS due to reflected clusters and if φ 0 is decreased, then K-factor decreases because of decrease in P LOS arising from antenna misalignment. Next, the sensitivity of Rician K-factor with the cluster AoA and AoD is studied using simulations. The boresights of the Tx and Rx antennas are fixed along positive and negative x-axis respectively (i.e. φ 0 = 0). Three clusters are considered whose AoA and AoD vary randomly following an uniform distribution between −π to π. Thus generating several realizations of (49) and consequently K-factor as per (51). In Fig. 5 , the analytically calculated CDFs of the K-factors calculated are plotted for sub 6 GHz (in solid lines) and mmW (using square markers). It is seen that the K-factor varies from 6 to 10 for sub 6 GHz and 2 to 10 for mmW in the scenario under consideration. From Fig. 4 and Fig. 5 , it can be inferred the K-factor is strongly influenced by the antenna configurations and cluster positions. Another inference that can be drawn is the variation of Rician K-factor for mmW channels is more than for sub 6 GHz channels. This is due to the fact that the values of γ , , λ and for mmW channels is lower, so the decay of power is much less rapid for the incoming clusters. So the contribution of the earliest arriving clusters is more in P NLOS is more for mmW channel models than in sub 6 GHz channel models. This is also shown in 3GPP based channel models for mmW, where, the number of clusters is Poisson distributed with a mean of 1.8 at 28 GHz and 1.9 at 73 GHz [37] . Most models for IEEE 802.11ad also consider first and second order reflections only [16] , [17] . Now we show results when the same experiments as the above are repeated but with CIR generated following IEEE 802.11ad model using (53). In Fig. 6 the variation of both simulated (using (52), depicted by markers) and calculated (using (2), (41), (44)), in solid lines) values of Rician K-factor with respect to φ 0 is plotted. An excellent match between the simulated and calculated results can be observed, which shows that our methods of calculating the Rician K-factor for IEEE 802.11ad based models are good to use for analytical evaluation. It is also observed that a huge variation of Rician K-factor of around 12000% with φ 0 is noted as compared to the variations of Rician K-factor with respect to φ 0 for SV based models shown in Fig. 4 . This results can be explained based on our observations from section IV-A, where in (55) we see that for SV based case an upper bound for Rician K-factor exists which is absent for IEEE 802.11ad model. This explains the very high variation of K-factor as observed in Fig. 6 .
In Fig. 7 the analytically calculated CDF of Rician K-factor generated by varying AoA and AoD of clusters is plotted, and a much larger variation of K-factor is seen, as compared to the SV model based cases. Here a variation of 8000% is noted. We can conclude that the Rician K-factor is influenced by φ 0 and the cluster orientation. We can also note that variation of K-factor in Fig. 7 is less than that in Fig. 6 . This is because, for Fig. 7 the simulations were done when φ 0 = 0, where we can see, from Fig. 6 the value of Rician K-factor is near 8000. So one may conclude that due to the absence of β 2 (0, 0) component as in the SV model case, the Rician K-factor is extremely sensitive to the channel conditions and proper care must be taken to estimate it.
C. IMPACT OF RICIAN K-FACTOR ON SYSTEM BER
We have shown that spatial orientation of antenna and clusters affect the experienced K-factor in a link. We now demonstrate how this variation affects the performance of the communication system. The results also shows the impact of mismatch between theory and simulation performance metrics of our interest like BER and capacity. Without loss of generality we present results only for the SV model. It is seen how an assumed value of Rician K-factor (considered to be = P 0 β 2 (0,0) = 10 from Table. 6) is often insufficient to determine the performance of a communication system using the channel.
First we see how BER is affected by inaccurate estimation of K-factor. Fig. 8, configuration A, depicts the case, when the boresights of the Tx and Rx antennas are aligned with each other. We consider a single cluster with ten rays having an AoA and AoD of 60 • . The rest of the parameters are same as in Table 6 . Since the NLOS rays are attenuated as they do not fall in the main lobe of the Tx and Rx antennas, the obtained value of Rician K-factor from simulations is 9.33 using simulation (from (51)) and 9.32 using analytical methods (from (2)). In Fig. 9 , the BER curves of uncoded Binary Phase Shift Keying (BPSK) system by simulation and numerical integration of the following equation,
where, erfc denotes complementary error function and
which is the PDF of Rician distribution, where, γ b is the SNR per bit of the corresponding AWGN channel, K is the Rician K-factor and is the total channel power gain, are shown. An excellent match can be observed between the simulated bit error curve (shown in circles in Fig. 9 ) and the calculated BER curve (in solid line). Hence, the theoretical predicted value of BER by using K-factor value calculated from (51) and using this K-value to calculate the BER using (56) and (57) matches well with the BER from the CIR obtained from simulations, it also shows that, the BER plot for assumed K-factor (shown with dotted and dashed line in Fig. 9 ) matches well with the calculated and simulated K-factors, hence small differences of Rician K-factor (10 and 9.33) do not significantly affect the BER estimation so the difference between the simulated and fitted results in Table 8 and in Fig. 4 and Fig. 6 are within acceptable limits. Next in Fig. 8 , configuration B, the Tx and Rx antennas are re-oriented, to make φ 0 = φ 1 = 60 • so that the focus towards the AoA and AoD of the clusters along the boresight direction of the Tx and Rx antenna respectively. For this configuration the Rician K-factor drops to 1.13 using calculated methods and 1.14 using simulations. Although the BER values from simulation (shown in asterisks in Fig. 9 ) and calculated using numerical integration (shown using dashed line) still match very well. It is quite far from both BER calculated using the assumed value of K-factor and BER calculated using the K-factor of Fig. 8 , configuration A. This shows that a single link can have different values of K-factor depending upon the configuration and the K-factor of the link is actually different from the channel. Not acknowledging this fact leads to errors in BER estimation as shown in the Fig. 9 .
The experiment is repeated for modified SV model for mmW and the results are summarized in Fig. 10. For Fig. 8 , configuration A we get very good match between the simulated (shown using circles in Fig. 10 ) and calculated (shown using solid line). However, this result is different from the BER curve of the provided value of K-factor (shown in dotted and dashed line). This is because, the Rician K-factor calculated for this configuration is 8.22 which is significantly different from 10. For the configuration B of Fig. 8 , the K-factor reduces to 0.4, and although good match is found between the simulated (shown using asterisks) and calculated values (shown in dashed lines) of K-factor, they are again much different from the BER calculated for configuration A and BER calculated for provided value of K-factor, due to large difference in values of K-factor for the three cases. 
D. IMPACT OF RICIAN K-FACTOR ON SE
Finally, the aim is to see the effect of variation of Rician K-factor on SE. We consider a SNR value of 25 dB. To obtain the range of simulated values of SE, several realizations of the CIR are generated using the methods discussed in section IV-C and the CDF of log 2 (1 + |h (i) | 2 SNR), where
| is from (50) is plotted. To obtain the range of calculated values of SE, the following equation,
where, p(γ b ) is given by (57), is numerically integrated and plotted for different values of C 0 . As in section IV-C, two configurations of Fig. 8 are chosen for having varying values of K-factor, and the simulated and calculated CDFs of channel capacities are plotted in Fig. 11 . Only a marginal change is seen, which can be attributed to the slight change of K-factor from 10 to 6. However in figures 12 and 13 we plot the 10% outage capacity, i.e. the value of C 0 , for which Pr(C < C 0 ) calculated using (58) is 0.1 and the average channel capacity given by
respectively for different values of SNR with K-factor varying from 1 to 25. We see that for large variations of K-factor channel capacities can change as much as 28% for 10% outage capacity and 7% for average capacity when SNR is high. So for channels such as IEEE 802.11ad where large variation of K-factor is seen, improper estimation leads to highly erroneous capacity estimation.
V. CONCLUSION
In this work, we provide methods to analytically calculate the values of Rician K-factor for SV based and IEEE 802.11ad models for both sub 6 GHz and mmW frequencies. We show that the Rician K-factor calculated using the analytical methods described in our work, matches with the Rician K-factor from simulation within acceptable limits. We further depict that that Rician K-factor for a link (with detailed spatial characteristics such as antenna gain pattern, cluster AoA, AoD, angular spread, PAS, ToA etc) is different from the Rician K-factor of the channel, as we show that for variation in antenna orientations or cluster positions the Rician K-factor varies by 40% for sub 6 GHz and 80% for mmW frequencies for SV based models. These variation goes as high as several thousand percent for IEEE 802.11ad models. We have shown how this difference between estimated K-factor and that provided by channel effect BER and capacity results. We show for inaccurate value of K-factor estimation leads to a shift in required SNR estimation by 4 dB in case of sub 6 GHz and 5 dB in case of mmW for a given BER considering uncoded BPSK modulation. We also show that, the estimation average channel capacity changes by 13% for high SNR values due to incorrect assumption of Rician K-factor. The work presented is generic and is expected to serve outdoor channels as well. The methods described in this work can thus be proposed for use in evaluation of the K-factor and hence, the performance of future wireless communication systems.
This means all the rays lie in the variable gain part of the antenna pattern. Therefore,
We now solve I 1 , I 2 and I 3 .
) we get
So combining all the above equations we can write
3) DERIVATION OF (27) 
So combining all the above equations we get
dφ (78) VOLUME 5, 2017 Taking y = √ k(φ − 1 √ 2kσ ) 
B. MEAN OF A TRUNCATED LOG-NORMAL DISTRIBUTION
Let us assume that X is a log-normal distributed random variable supported between [0, k]. Therefore ln(X ) is normally distributed and we assume the mean and variance of the distribution of ln(X ) to be µ and σ 2 respectively. Therefore, E X [X ] is given as , we get 
